The traditional model of the electromagnetic force and torque does not take the coil corners into account, which is the major cause for the motor fluctuation. To reduce the fluctuation, a more accurate real-time computation model, which considers the influence of the coil corners, is proposed in this paper. Three coordinate systems respectively for the stator, the mover, and the corner are established. The first harmonic of the magnetic flux density distribution of a Halbach magnet array is taken into account in this model. The coil is divided into the straight coil segment and the corner coil segment based on its structure. For the straight coil segment, the traditional Lorenz force method can be used to compute its electromagnetic force and torque, which is a function of the mover position. For the corner coil segment, however, the numerical calculation method can be used to get its respective electromagnetic force and torque. Based on the above separate analysis, an electromagnetic model can be derived, which is suitable for practical application. Compared with the well-known harmonic model, the proposed real-time computation model is found to have less model inaccuracy. Additionally, the real-time ability of the maglev planar motor model and the decoupling computation is validated by NI PXI platform (Austin, TX, USA).
Introduction
Planar motion is required for various applications in high-precision industry, for example, pick and place machines, semiconductor lithography, and transport devices [1, 2] . The planar movement can be realized through super-accurate 2-D positioning stages. Traditionally, these stages are often constructed by stacking several one-degree-of-freedom linear drives supported by mechanical bearings [3] . Such constructions inherently have a high moving mass and a limited stiffness, restricting the dynamic performance. In recent years, the 2-D positioning stage has been driven directly by the planar motor [4] [5] [6] , which makes it an integrated structure featuring many advantages, such as direct driving, fast response, high sensitivity, good dynamic nature, and simple structure. Therefore, the traditional method of stacking several one-degree-of-freedom linear drives has been replaced by the planar motor.
Among the planar motors, the permanent magnet synchronous planar motor has many advantages, such as simple structure, high power conversion ratio, low cost, and excellent control performance. Thus, it has been widely used in accurate and super-accurate manufacturing equipment, has more windings than moving coils, and needs a coil switch and other algorithms during control process. To make the established model, a program running on CPU and GPU respectively can achieve better real-time control ability. However, the program for the maglev planar motor moving coils has less computation, thus, it is more concise and effective to program that portion once good real-time performance is obtained.
To reduce the modeling error and, in the meantime, maintain the simplicity of the program and the real-time performance during operation, this paper proposes a new method to accurately calculate the electromagnetic force and torque based on a real-time computation model. The coil is divided into the straight coil segment and the corner coil segment based on its structure. For the straight coil segment, the traditional Lorenz force method can be used to compute its electromagnetic force and torque, which is a function of the mover position. For the corner coil segment, however, the numerical computation method can be used to get its respective electromagnetic force and torque. Based on the above separate analysis, an electromagnetic model can be derived that is suitable for practical real-time application, and the model decoupling computation can be achieved on NI PXI platform concisely and effectively. Figure 1 shows the basic structure of the concentric maglev planar motor. It adopts the coreless moving-winding structure. The mover consists of the base plate and 16 sets of the concentric winding, which are displayed as 4 × 4. The stator consists of the yoke plate and the new-type Halbach permanent magnet array, which is rotated 45 degrees from the traditional Halbach [32] permanent magnet array.
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Basic Structure and Working Principle
Winding Model and Parameter Definition
The whole concentric winding (see Figure 2) consists of the outer coil and the inner coil, which are connected in series. The directions of the currents in them are just the opposite. The whole winding is then divided into four long straight segments, four short straight segments, and eight corner segments. The electromagnetic force and torque can be derived by calculating separately. In Figure 2 , τ n denotes the pole pitch, l w denotes the outer winding length of the straight coil segment, l n denotes the inner coil length of the straight segment, h c is the thickness of the coil, w c is the width of the coil, c t and c b are the height coordinates of the coil.
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The whole concentric winding (see Figure 2) consists of the outer coil and the inner coil, which are connected in series. The directions of the currents in them are just the opposite. The whole winding is then divided into four long straight segments, four short straight segments, and eight corner segments. The electromagnetic force and torque can be derived by calculating separately. In Figure 2 , τn denotes the pole pitch, lw denotes the outer winding length of the straight coil segment, ln denotes the inner coil length of the straight segment, hc is the thickness of the coil, wc is the width of the coil, ct and cb are the height coordinates of the coil. 
Coordinate Definitions and Transformation
Three different coordinate systems are defined in Figures 2 and 3 . The first one is the stator global coordinate system denoted with the superscript m, which is fixed on the top face of the stator permanent magnet. It can be expressed as The second one is the mover local coordinate system denoted with the superscript c, which is fixed on the mover bottom surface center. It can be expressed as
The third one is the corner local coordinate system denoted with the superscript s. It can be expressed as 
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Coordinate Definitions and Transformation
The third one is the corner local coordinate system denoted with the superscript s. It can be expressed as The second one is the mover local coordinate system denoted with the superscript c, which is fixed on the mover bottom surface center. It can be expressed as
The third one is the corner local coordinate system denoted with the superscript s. It can be expressed as
The vector p is the position vector of the mover local coordinate system in the global coordinate system. It can be expressed as
The coordinate position of the j-th winding center in the mover local coordinate system can be expressed as
The two coordinate systems can be converted into each other with the coordinate transformation. For example, the vector in the mover local coordinate system and that in the global coordinate system can be transformed into each other through the following equations
The orientation transformation matrix is defined as
where
and in the above equations ψ, θ, and φ are the rotation angles about the c x-, c y-, and c z-axes, respectively. Thus, the position and orientation of the translator can be described in six degrees of freedom.
Electromagnetic Force and Torque
Permanent Magnet Array Model
To get the mathematic model of the electromagnetic force and torque, the gap magnetic field generated by the Halbach permanent magnet arrangement in Figure 2 needs to be calculated first. To simplify the analysis, the following assumptions are made:
•
The relative permeability of the iron yoke has a value of infinity; •
The magnet array has a periodicity over the m x and m y direction and the magnetization value of the permanent magnet is not changed; • Ending effect is neglected.
The analysis model of the Halbach magnet array, the three-dimensional space is divided into two regions, region I is in the air and the permanent magnets in region II are located in between −h m ≤ m z ≤ 0. For region II, the permeability µ = µ 0 µ r , where µ r is the relative permeability of the permanent magnets, µ 0 is the permeability of free space.
A magnetic scalar potential ϕ is introduced in both charge free regions to solve the problem. The magnetic scalar potential in the air (regions I in Figure 3 ) is governed by Laplace's equation and in the permanent magnets by Poisson's equation [4, 27] .
The boundary conditions are as follows. The subscript I and II denote the air region and the magnets region respectively, and m x, m y, m z mean the components of the three directions.
where h m is the thickness of the magnetization thickness of the permanent magnet, H is the magnetic field strength, B is the magnetic flux density. Based on Maxwell electromagnetic field theory, the magnetic flux density is the sum of Fourier harmonic components. In general, only the first harmonic component is taken into account in the maglev planar motor force and torque real-time model to realize the fast calculation. When high harmonic components are neglected, the paper [28, 33] 
where B xy and B z are the amplitudes of the mean value of the magnetic flux density components in the cross section of the coil at m z = 0. Thus, it can be derived as
The above equation can be transformed into that in the local coordinate system of the mover
The two coordinate systems only have relevant translation movement without rotation to each other. Thus, it can be derived as follows
Furthermore, the magnetic flux density in the mover local coordinate system can be derived as 
Force and Torque on Straight Segment
The goal of this paper is to derive a set of basic equations which predict the forces and torques produced in the actuator. Three simplifications are made to obtain this model:
•
The magnetic flux density distribution of the Halbach permanent magnet array is modeled by a 2-D sine wave; • The coils are replaced by filament ones; • The coil and magnet arrays are rigid.
The forces and torques are calculated with the Lorentz force method. According to the Lorenz's law of force, the electromagnetic force and torque on the winding can be derived when the magnetic flux density and the current in the winding are known. The force on the mover is opposite to the force on the coils. The Lorentz force and torque equations are
where B is the magnetic flux density of the magnet array, J is the volume current density in the coil, V is the volume of the coil, r is the vector from the point about which the torque is calculated.
In the maglev planar motor with the concentric winding structure, the magnetic field generated by the Halbach permanent magnet is exponentially decayed in the vertical direction. In the mover local coordinate system, the electromagnetic force on the straight segment of the coil can be derived as
As shown in Figure 2 , the concentric winding coil consists of the inner coil and the outer coil. Thus, the force on the whole coil can be expressed as
The methods to calculate the forces on the inner and outer coils are the same. Taking the outer coil as an example, the force can be calculated as The same approach is applied to the torque. The volume integral to calculate the torque can also be split into an integral over c z and a surface integral over c x and c y, In the mover local coordinate system. The electromagnetic torque on the straight segment of the coil can be derived as
where c r z is the equivalent force arm in the c z-direction. Similar to the analysis of the force, the torque on the winding can be expressed as
Taking the outer coil as an example, the torque can be calculated as 
Based on Equations (27) , (28) , (30) , and (31), the three forces c F xj , c F yj , c F zj and the three torques c T xj , c T yj , c T zj can be derived.
Force and Torque on Corner Segment
The computation model using only the straight segment of the coil does not take the corner segment into account. Thus, the accuracy of the computation model is not high, which is one of the major reasons for the fluctuation of the force and torque of the maglev planar motor. To reduce the fluctuation, the corner segment cannot be neglected. The force and torque on the corner segment can be derived through the numerical calculation method.
One coil has four corner segments. For different corner segments, the rotation matrix can be used according to the relation between the respective corner coordinate system and the mover coordinate system. In the subdivision area, the magnetic flux density value and direction can be seen as identical and the force and torque on the corner segment (see Figure 4) of the coil based on numerical calculation method can be expressed as 
Equations (32) and (33) present the method to calculate the electromagnetic force and torque for one corner. Likewise, the other force and torque for the other three corners can be derived. 
where ( )
Accurate Real-Time Equation of Electromagnetic Force and Torque
According to the calculation results of straight and corner segments, the electromagnetic force and torque on the concentric winding can be derived as
where (42)
(46)
The electromagnetic model of the whole winding can be derived when the equations for both the straight and corner segment are added together. Once the permanent magnet array and winding size are determined, the numerical value of C 1 , C 2 , C x , C y , C x1 , and C y1 can be derived. Once the winding is put on the mover, the position deviation on the c x-c y plane can be seen as a constant, therefore, the whole electromagnetic force and torque on the mover is the sum result of that on each winding, taking the position deviation into account.
Validation and Analysis
The electromagnetic model is made of 16 sets of coils. After the 16 sets are fixed on the mover, the position c x j and c y j of each winding can be known. The electromagnetic force and torque on each winding is different due to the phase difference among them. They, however, share the same pattern depending on the position. It can be seen from Equations (36)-(41) that different windings have different c x j and c y j due to the different relevant position to the magnetic field, and the relevant position is the real factor that affects the force on each coil. The calculation results of this electromagnetic model can be validated by using the harmonic model [34, 35] . The electromagnetic model parameters are show in Table 1 . 
Precision Analysis of Coefficient
Equations (44)- (47) the accuracy of the numerical value C x , C y , C x1 , and C y1 increases with the increase of the subdivision numbers. Figure 5 gives the relation between the four numerical solutions and the subdivision amount m and n. With five significant figures as the goal, when m ≥ 35,000 and n ≥ 35,000, all of the four coefficients can achieve this significance level; when m ≥ 5000 and n ≥ 5000, all the four coefficients can reach four significant figures.
Equations (44)- (47) the accuracy of the numerical value Cx, Cy, Cx1, and Cy1 increases with the increase of the subdivision numbers. Figure 5 gives the relation between the four numerical solutions and the subdivision amount m and n. With five significant figures as the goal, when m ≥ 35,000 and n ≥ 35,000, all of the four coefficients can achieve this significance level; when m ≥ 5000 and n ≥ 5000, all the four coefficients can reach four significant figures. For the corner segment of the coil, the angle is divided into 35,000 parts, the radius is divided into 35,000 parts, and m is equal to n. The relation between the four-numerical solution C x , C y , C x1 , and C y1 and the subdivision amount m and n. For the corner segment of the coil, the angle is divided into 35,000 parts, the radius is divided into 35,000 parts, and m is equal to n.
Precision Validation of Model
The computation model of maglev planar motor is verified by comparison with the harmonic model. In Figure 6 , the displacement in the direction of p x is from −30 mm to 30 mm, the same displacement length and the same sampling method are applied to the direction of p y . The harmonic coefficient is set to be 1, to prevent the winding force and torque from neutralizing each other too much, the current of ±2 A is imposed on certain groups of windings. 
The computation model of maglev planar motor is verified by comparison with the harmonic model. In Figure 6 , the displacement in the direction of px is from −30 mm to 30 mm, the same displacement length and the same sampling method are applied to the direction of py. The harmonic coefficient is set to be 1, to prevent the winding force and torque from neutralizing each other too much, the current of ±2 A is imposed on certain groups of windings. Figure 6 that the error of the deduced model of maglev planar motor in this paper is minor, the maximum of the error is 1.41% for the force and torque. Compared with the well-known harmonic model, the proposed model has high accuracy and can realize practical application easily as well.
Real-Time Ability Validation of Model
The proposed computation model seems to be more complex than the other models [27, 28] in terms of the mathematical expression. Nevertheless, the coefficient on that mathematical expression can be expressed a constant after all the motor structure sizes are fixed. Thus, the computation speed of it in the practical application is the same as that of the conventional electromagnetic model. Only the coefficient in the mathematical expression is more close to the real value, which guarantees the accuracy of the proposed model. Thus, it can be concluded fairly that the proposed Figure 6 that the error of the deduced model of maglev planar motor in this paper is minor, the maximum of the error is 1.41% for the force and torque. Compared with the well-known harmonic model, the proposed model has high accuracy and can realize practical application easily as well.
The proposed computation model seems to be more complex than the other models [27, 28] in terms of the mathematical expression. Nevertheless, the coefficient on that mathematical expression can be expressed a constant after all the motor structure sizes are fixed. Thus, the computation speed of it in the practical application is the same as that of the conventional electromagnetic model. Only the coefficient in the mathematical expression is more close to the real value, which guarantees the accuracy of the proposed model. Thus, it can be concluded fairly that the proposed model has higher accuracy but without adding additional computation complexity in the control process, which makes it suitable for high-accuracy real-time practical application. Using NI PXI-1042Q to validate the program, the result is shown in Figure 7a with the PXI-1042Q operating in a real-time system to validate the proposed electromagnetic model and the computation speed of solving the generalized inverse matrix. Figure 7b shows the measured results of the running time for each loop. It can be seen that the average running time is 183 µm and the maximum is 264 µm, which can meet the control requirement of the maglev planar motor. 
Conclusions
This paper proposes a new accurate real-time computation model of the electromagnetic force and torque for the concentric winding used in a maglev planar motor. The proposed computation model does not simplify the corner segment, which means it has more accuracy regarding the real physical situation. Compared with the traditional method, the new model has an extra corner coefficient. After the motor structure is fixed, however, the corner segment and straight segment coefficients can be added together and thus it has the same computation time as that of the traditional model. The harmonic model is used to validate the proposed computation model and the NI-PXI 1042Q platform is used to validate the real-time ability of the motor model and the decoupling computation. The validation result shows that the proposed real-time computation model is found to have smaller model error. Thus, it can be concluded that the proposed new accurate real-time computation model can be used in the real-time decoupling current computation for better control accuracy in the maglev planar control system.
